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Hematopoietic cell transplantation (HCT) is a last treatment resort and only potentially cura-
tive treatment option for several hematological malignancies resistant to chemotherapy.
The induction of profound immune regulation after allogeneic HCT is imperative to prevent
graft-versus-host reactions and, at the same time, allow protective immune responses
against pathogens and against tumor cells. Dendritic cells (DCs) are highly specialized
antigen-presenting cells that are essential in regulating this balance and are of major inter-
est as a tool to modulate immune responses in the complex and challenging phase of
immune reconstitution early after allo-HCT. This review focuses on the use of DC vacci-
nation to prevent cancer relapses early after allo-HCT. It describes the role of host and
donor-DCs, various vaccination strategies, different DC subsets, antigen loading, DC mat-
uration/activation, and injection sites and dose. At last, clinical trials using DC vaccination
post-allo-HCT and the future perspectives of DC vaccination in combination with other
cancer immunotherapies are discussed.
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INTRODUCTION
Allogeneic-hematopoietic (stem) cell transplantation (HCT) is
the last treatment resort and only potentially curative treat-
ment option for several hematological malignancies resistant to
chemotherapy. Although the survival rates improve after HCT
for selected indications, relapses remain a major cause of death
after allogeneic HCT. In these high-risk hematological malignancy
patients, the estimated 5-year survival rates vary between 10 and
80% (1–3). As such, novel immune therapeutic strategies are being
developed aimed at getting better disease control to prevent relapse
after HCT.
Currently, the most widely used type of additional
immunotherapy combined with allo-HCT is the donor lympho-
cyte infusion (DLI),where allo-reactive T cells can help to eradicate
residual tumor cells. Unfortunately, this “non-specific” strategy
suffers from severe toxic side effects, such as Graft-versus-Host
Disease (GvHD) (4). Novel immunotherapeutic approaches aim
to increase innate or adaptive anti-tumor responses by trans-
ferring ex vivo-generated effector cells, such as natural killer
(NK) cells, chimeric antigen receptor (CAR)-modified cytotoxic
T lymphocytes (CTLs), or transgenic T-cell receptor expressing
tumor-specific CTLs (5). Although initial results seem promis-
ing, the production procedures of these cell therapies are often
time-consuming (up to months) and have limitations, severe
acute toxicities (“cytokine-release syndrome”: e.g., in CARs), long-
term B-cell deficiency (in CD19-CAR), uncertain functionality,
and limited or no induction of lasting immunity. Since dendritic
cells (DCs) are potent and professional antigen-presenting cells
(APC), which induce activation of the adaptive immune system,
vaccination strategies could be used post-allo-HCT for the induc-
tion of lasting immunity against the tumor. Several vaccination
strategies have been used post-allo-HCT like the vaccination with
autologous tumor cells either directly transduced to express GM-
CSF (6) or coinjected with fibroblast expressing transgenic CD40L
and IL-2 (7).
The use of DCs as vaccines showed beneficial effects in an
autologous setting (8), which led to the first FDA approved
immunotherapy (9). In this review, we will explore the use of
DCs as vaccination strategy for the induction of anti-malignancy
responses when combined with an allo-HCT (Figure 1). More
specifically, we will focus on the use of donor-derived DCs as part
of this immunotherapy.
ALLO-HCT IN CANCER IMMUNOTHERAPY
Allo-HCT is the sole curative option for many patients with high-
risk hematologic malignancies and even some solid tumors (4, 10,
11). A variety of different allo-HCT grafts, including bone mar-
row (BM) or mobilized peripheral blood stem cells (PBSC), as
well as unrelated umbilical cord blood (CB) are currently used
as a cell source in the treatment of malignancies (12). The thera-
peutic success of the allo-HCT is not only due to the replacement
of the diseased BM but also due to Graft-versus-Leukemia (GvL)
or Graft-versus-Tumor (GvT) effects. However, as a trade-off, the
potentially life-threatening complication GvHD can occur. In this
regard, it is interesting that the use of CB as cell source is associated
with lower relapse-rates suggesting stronger GvL-effects, despite
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FIGURE 1 | Example of a DC vaccination strategy to enhance
anti-tumor immunity after allo-HCT. After standard conditioning (FluBu:
Fludarabine+Busulfan) and cord blood transplantation (CBT) patients will
receive biweekly antigen-loaded-DC vaccines. The timing of vaccinations
will be dictated by the chances that most CBT-associated complications are
solved or are very unlikely to occur and the T-cell compartment has time to
recover.
lower GvHD-rates compared with BM or peripheral blood as cell
source in HCT (2, 13). As such, therapeutic interventions aimed
at enhancing the GvT will not necessarily lead to higher rates of
GvHD, whereas the active inhibition of GvHD will not necessarily
affect the GvT effects (14).
The importance of CTLs in the GvT effects is supported by the
observation that an increase in leukemic antigen (WT1) specific
CTLs correlated negatively with the WT1 mRNA expression, as a
measure of minimal residual disease (MRD) (15). Moreover, the
absence of T cells specific for different tumor associated antigen
(WT1, MUC1, and proteinase-3) was related to relapses post-
allo-HCT in patients with hematological malignancies (16). These
data show that tumor-antigen-specific CTLs can be induced after
HCT and failure to induce these cells may hamper GvT responses.
This strengthens the idea that the active enhancement of tumor-
antigen-specific immunity is a viable treatment option to prevent
relapses after HCT (17). The development of tumor-antigen-
specific CTLs strongly relates to the general immune recovery
(especially T cells and DCs) after HCT, a process that is both
complex and dynamic, and is affected by a variety of patient and
graft-related factors. These include graft source, graft manipula-
tion, age of recipient and donor, conditioning regimen, recovery
of thymic output, the occurrence of infections, and GvHD, and
their treatment (11, 18–23). Some of these factors will be difficult
to control, whereas there are some factors, like the conditioning
regimen [especially the serotherapy component: anti-thymocyte
globulin (ATG) or Alemtuzumab], which can be more carefully
controlled to enhance or get a more predictable immune recon-
stitution after HCT. In this regard, detailed immune recovery
studies showed that the T-cell recovery can be very fast after HCT
depending on that timing, dosing, and/or omission of ATG (24).
This occurred without causing mayor effects on the development
of GvHD [in particular chronic-GvHD (cGvHD)] but with signif-
icantly reduced occurrence of viral reactivation, which is strongly
dependent on post-HCT T-cell recovery.
A predictable immune reconstitution is of importance to
establish an optimal effect of the applied vaccine. Thus vacci-
nation strategies early after allo-HCT, in a setting of a better-
predicted immune reconstitution, aiming to prime and/or stim-
ulate tumor-specific CTLs may be an attractive and effective
treatment modality.
DCs AND THEIR ROLES IN GvHD AND GvT POST-ALLO-HCT
As professional APCs, DCs have been well recognized for their role
in the induction of GvHD on the one hand and GvT responses on
the other. Whereas host-derived DCs have shown to be essential
for the induction of acute GvHD (aGvHD) in mice, donor-derived
DCs intensify aGvHD and may be involved in the development of
cGvHD (25, 26). The role of the different DCs in the GvT response
after HCT is still poorly understood. From mouse studies, it is
known that host DCs may play an important role in GvT responses
(27), especially those that are able to cross present tumor-specific
antigen (TSA) from tumor cells to the donor T cells (28). The
role of host DCs in GvT in humans has been supported in a study
where the combination of donor T cells and mixed chimerism in
DC subsets induced a potent GvL effect in association with GvHD,
whereas DLI in patients with donor chimerism in both T cells and
DC subsets resulted in GvL reactivity without GvHD (29).
Largely independent of conditioning regimen and stem cell
donor source, a rapid DC chimerism was detected in peripheral
blood after allo-HCT (30). Fourteen days after HCT approximately
80% of the DCs were of donor origin increasing up to 95% at
56 days after HCT. With regard to DC chimerism in peripheral tis-
sues, it was found that depending on the regimen, an average 97%
of the Langerhans cells (LC) were donor-derived with full inten-
sity conditioning, while 36.5% was donor-derived with reduced
intensity conditioning 40 days after allo-HCT. At day 100, at least
90% of the LC was donor-derived (100% in half of the patients)
(31). In another study, donor chimerism with median of 95%
was detected for LC in skin biopsies taken between day 18 and
56 after HCT (32). However, this same study also indicated that
the majority of the patients with an incomplete donor chimerism
suffered from aGvHD. Moreover, these data were challenged in a
recent paper studying the chimerism in the skin itself, rather than
in DCs that migrated from explants (33). This study showed that
3 months after HCT, at least half of the dermal DCs were still of
host origin in the absence of aGvHD, suggesting that the mere
presence of host DCs is not the cause of aGvHD.
As both host and donor DCs are present after HCT “regular”
vaccination strategies (with epitopes from tumor antigens) or tar-
geting DCs in vivo as an immunotherapy early after HCT may also
be feasible. In patients with a high risk of relapse, the period early
after HCT may be crucial for DC-based therapies as the tumor bur-
den is still low and the suppressive immune environment of the
tumor can still be overcome. When studies identify a specialized
subtype of human DC that may increase GvT without enhancing
GvHD, as was shown for CD8α+ DCs in mice (28), specific in vivo
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targeting and stimulation of these cells may be a treatment option
in the future. Since the in vivo targeting of endogenous DC as
immunotherapy has recently been extensively reviewed elsewhere
this will not be further discussed here (34).
DC SOURCES AND SUBSETS FOR VACCINATION IN
ALLO-HCT SETTING
Dendritic cells for vaccination purposes can be directly isolated
from peripheral blood or can be generated from stem cells resid-
ing in the blood or BM. In the post-allo-HCT setting, DCs could
be directly isolated from the peripheral blood of the donor. From
the blood different subsets can be isolated, namely plasmacytoid
DCs (pDCs) and conventional (c)DCs, this latter population can
be further subdivided into BDCA1+ and BDCA3+ DCs. However,
the low numbers of in particular circulating into BDCA1+ and
BDCA3+ DCs complicates their clinical application. In an autol-
ogous non-HCT setting, promising results were obtained with
isolated pDCs. Freshly isolated pDCs that were loaded and acti-
vated ex vivo, induced antigen-specific CD4+ and CD8+ T-cell
responses in patients suffering from melanoma (35). Despite the
low numbers, using DC subsets in current and future trials is rele-
vant and therefore intrinsic properties of DC subsets to stimulate
productive T cells should be taken into account in the DC vaccine
design.
Dendritic cells may also be generated from precursor cells
like CD14+ monocytes (from peripheral blood) or CD34+ HSC
(from BM or peripheral blood), which can be differentiated ex
vivo into monocyte-derived DCs (moDCs) or conventional DCs,
respectively.
After the finding that monocytes develop DC-like features when
cultured in the presence of GM-CSF and IL-4 (36), moDCs have
been used in many clinical trials as a cancer immunotherapy. The
use of moDCs as a vaccine is generally considered as safe, but
clinical responses have only sporadically been observed (37), pos-
sibly due to maturation status or migratory capacity, discussed
in more detail below. Since more research focuses on differen-
tial functionalities within DC subsets, the vaccine research shifts
toward targeting of specialized DC subsets (34, 38) and in vitro
generation of conventional DCs from CD34+ precursor stem cells.
Several protocols have been developed trying to mimic the differ-
ent naturally occurring DC-populations (39–41), so far no clinical
data are available on the efficacy of these DC cultures. The most
important advantage of using CD34-derived DC, especially in the
CB HCT setting, is the possibility to use an expansion step prior
to DC differentiation allowing the generation a large number of
DCs from a limited number of precursor cells.
Although studies directly comparing the anti-leukemic effects
of CD14- versus CD34-derived DC vaccines are lacking (42), it
has been suggested that CD34-derived DCs may induce better
CD8 responses, compared to moDCs. This might be caused by the
presence of LC in these cultures (43). The presence of LC is how-
ever strongly dependent on the presence of specific growth factors
during differentiation.
DC VACCINATION STRATEGIES
Besides the type of DC, the specific antigen loading and matura-
tions strategies have major impact on the priming capacity of the
FIGURE 2 | Overview of important parameters to consider and
optimize pre-clinically with regard to DC vaccines. The first important
parameter is the source of the allo-HCT graft (1), which will determine the
available cell sources for the generation of the DCs (2). When DCs are
generated the antigen loading strategy (3) will define the presentation of
(tumor)-antigens in MHC-class II and I molecules, providing the first signal
for T-cell activation. Next, optimal maturation signals should be used to
induce the expression of co-stimulatory molecules and the necessary
cytokines (signal 2 and 3). This will enable homing of the DCs to lymph
nodes followed by an optimal stimulation of antigen-specific T cells for the
induction of lasting immunity.
DC. In addition, the functionality of the DC vaccine is dependent
on the infection site, dosing regimen, and timing of vaccination,
all of which may be even more prominent when combined with
allo-HCT (Figure 2).
TUMOR-ANTIGEN LOADING
Different loading strategies have been developed over the years,
reviewed by Nierkens et al. (44). Exogenous MHC-class I loading
with a 9-mer peptide of a pre-defined tumor antigen is frequently
used. Although the analyses of T-cell specificity against that one
peptide may simplify immune monitoring, this system has how-
ever some major disadvantages, such as, HLA-restriction, epitope
spreading by the tumor, and lack of induction of antigen-specific
CD4 T cells. Alternatively, DCs can be loaded with long-peptides,
containing several MHC-class I and II restricted tumor-antigen
peptides, 15-mer peptide pools covering the whole tumor anti-
gen, or the whole tumor antigen (protein or mRNA). These
approaches require the prior identification of the TSA. For sev-
eral tumors specific antigens may however not be known. In
these cases, whole tumor cell lysates, DC-tumor cell fusions, or
apoptotic/necrotic tumor cells can be used as a source of tumor
antigens (45, 46). Although vaccination with tumor cells or their
lysates may induce/aggravate acute or cGvHD due to the pre-
sentation of allo-antigens shared by tumor and normal host
cells, to date, none of the studies using tumor cells as part of
their vaccine showed any induction of exacerbation of GvHD
(6, 7, 47, 48). As such, loading DC vaccine with killed tumor
cells or lysates may be an attractive alternative when specific
tumor antigens are not known, when they differ between the
patients with the same cancer or when the proteins are sensitive to
mutations.
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MATURATION
For the stimulation of antigen-specific T cells DCs require matu-
ration, which can be induced by clinical grade maturation mixes.
Classically, moDCs are matured with a mix of pro-inflammatory
cytokines, e.g., IL-1b, IL-6, TNF, and PGE2, which induce strong
upregulation of CD40, CD80, CD83, CD86, and CCR7 (49, 50)
and are clinical grade available. PGE2 has been shown to be
necessary for the migration of DCs (51), but it also induces
IDO expression (52), which is involved in inducing tolerogenic
responses. However, Krause et al. showed IDO expression inde-
pendently of PGE2, and strong CD4 and CD8 proliferation
after co-stimulation with DCs matured with PGE2, despite IDO
expression (53).
Dendritic cells also express different pathogen recognition
receptors, like Toll-like receptors (TLRs). Although TLR antag-
onists have been shown to be good candidates for DC activa-
tion, their use as maturation agent in DC vaccination trials is
still limited. Currently, PAM3cys for TLR2, Poly-IC or Poly-ICLC
(Hiltonol) for TLR3, LPS for TLR4, or Imiquimod TLR7 and CpG-
ODN for TLR9 are clinical grade available and used in several
combinations (with each other or with cytokines) in clinical tri-
als (54–56). The effect of the maturation mixes strongly depends
on the DC subset isolated or cultured, since different DC subsets
express different TLRs (57). In several clinical trials, the combi-
nation of TLR agonists or cytomix is used with IFN type 1 or
2, TNF, or CD40L (58–61). This combination not only enhances
their maturation efficacy, but also induces stronger cytokine pro-
duction in vitro (59). CD40L is used to activate DCs in vitro before
injection, and although DC maturation and IL-12 production
was reported, no clinical benefit was observed (62). One could
even speculate that stimulation with CD40L before the vaccina-
tion infusion may somehow activate the DC before they were able
to connect with the antigen-specific T cells in the lymph nodes.
In addition to co-stimulatory molecules, DCs are also known
to express co-inhibitory molecules, like PD-L1 and PD-L2, which
may hamper T-cell stimulation via interaction with PD1. Target-
ing the expression PD-L1 and PD-L2 siRNA electroporation or
transfection into DCs has been shown to enhance CTL responses
in vitro and in vivo (63, 64). Since this approach can be incor-
porated into DC vaccines relatively easy, this has the potential to
become a standard procedure in addition to the maturation for
future DC vaccinations.
INJECTION SITES AND DOSING AND TIMING
When a DC vaccine is optimally loaded and matured, the next
border to cross is to consider the optimal injection site. In clinical
vaccination studies, DCs have been injected intravenously (i.v.),
intradermal (i.d.), subcutaneously (s.c.), directly in the lymph
node (i.n.) under sonographic guidance, or intratumoral (i.t.) or
at different sites within the same trial. Side to side comparisons
of injection sites are generally lacking making it hard to make a
strong statement on which site would be preferable. Intratumoral
DC vaccination has been shown to be safe (65). The question
remains whether the DCs are needed at the tumor site to restim-
ulate the tumor infiltrating lymphocytes (TILs) or that they are
required to present their cargo in the lymph node for the prim-
ing of novel CTLs, in which case other sites of injection could
be a better option. Furthermore, the strong immune suppressive
environment in the tumor may be detrimental for CTL activa-
tion. Bedrosian et al. (66) showed in a phase I trial in metastatic
melanoma patients that i.n. is superior over i.d. with regard to
CTL induction. Whereas the study of Kyte et al. showed no advan-
tage of injecting i.d. compared to i.n. in a phase I/II trial also in
melanoma patients (67). The type of DC used for vaccination or
disease stage could both contribute to these contradictory find-
ings. The limited overall efficacy of DC vaccination may further
hamper the proper comparison between the different injection
sites.
Another variation within clinical trials is the frequency and
dosing regimen, varying from 2 to 6 times. No clear compari-
son has been made, and therefore no strong conclusions can be
drawn. According to mouse studies and some clinical trials, vac-
cination seems to be critical, but boosting strategies of subjects
with residual disease or with tumor recurrence, should be carefully
revisited (68).
MONITORING THE EFFECT OF DC VACCINATION
Over 1000 trials have been performed using DC vaccination, but
read-outs are very diverse, and mainly phase I/II trials test for
cytotoxicity and overall survival are studied. The immunological
CTL response generated by the DC vaccination can be monitored
using HLA-peptide tetramers or by assessing cytokine production
after ex vivo antigen-specific restimulation (ELISA, ELISPOT, or
intracellular flow cytometry).
Since most DC vaccinations have been performed in an autol-
ogous (HCT) setting there may be tumor-antigen-specific T cells
present. To be able to differentiate between priming and reacti-
vation of T cells, KLH is sometimes used as a reporter for the
presence of priming and Influenza Matrix Protein (Flu-MP) could
be added as positive control for reactivation. When combined
with peptide-loaded DCs, these proteins may also be helpful in
providing bystander CD4 help (69). Almost all patients receiving
DC vaccination in the skin are tested at several time points after
vaccination for a delayed type hypersensitivity (DTH) response
however most of these responses are KLH or Flu-MP specific
and might not necessarily be predictive of the induced anti-tumor
responses (70).
With regard to tetramer staining to study antigen-specific
CTLs, the recent development of conditional HLA-ligand peptide
exchange technology combined with combinatorial coding may
provide an excellent opportunity to check for a wide range of dif-
ferent peptide–HLA combination in limited amount of material
(71, 72).
With increasing sensitivity of PCR techniques, MRD markers
are increasingly used to monitor clinical efficacy of immune ther-
apy (73), including DC vaccination (74). A more general approach
is immune-phenotyping analysis for the frequency of different
immune cells at several time points before and after vaccina-
tion. These kind of analysis have reported changes in NK cells
and their activation status after DC vaccination (74). Since cur-
rent DC vaccines are still limited in their potential to induce an
effective anti-tumor immune response, the possibility to compare
results from different studies could benefit from “international
standardized” immuno-monitoring protocols (75).
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DC VACCINATION TRIAL IN ALLO-HCT
Although the use of DC vaccination after allo-HCT had been sug-
gested for many years, Grigoleit and colleagues were the first to
publish a phase 1/2 clinical trial using donor CD14-derived DC
after HCT in patients at high risk for developing CMV disease
(76) (Table 1). In this setting, peptide-loaded DCs were injected
s.c. near the inguinal lymph node. Immune monitoring showed
the induction of CMV-specific T-cell responses, which had clinical
effects on CMV disease in a prophylactic as well as therapeutic set-
ting. With regard to the potential adverse events, it was important
to notice that vaccination with donor-derived DCs pulsed with
HCMV peptides did not stimulate or expand allo-reactive T cells.
Nor were there any long-term adverse effects of DC vaccination
after HCT. Taken together, this phase 1/2 study provided the first
evidence indicating that DC vaccination can be performed safely
in allogeneic HCT setting. DC vaccination was also performed in
a therapeutic setting in a patient suffering from recurrent CMV
reactivation after a second HCT (77). As there was emerging viral
resistance to the antiviral chemotherapy, DC cells were prepared
from CD14+ monocytes isolated from the patients PB and loaded
with CMV PP65 protein. The induction of PP65 specific CD4 and
CD8 cells was detected and coincided with lasting prevention of
CMV recurrence. This study is strongly supportive of the use of
protein instead of peptide to enable the induction of both CD4
and CD8 responses. In this study again no adverse events were
reported.
The first publication using DCs to boost the GvT responses after
HCT was by Fujii and colleagues (47). Four patients with hema-
tological malignancies relapsed after allo-HCT and were treated
with DCs cultured from PBSC isolated from the same donor as
the HCT. These donor-derived DCs were then loaded with tumor
cells from the patient that were induced to go into apoptosis by
irradiation. DCs were then injected i.v. and clinical response was
reported in three out of four patients characterized by the reduc-
tion in tumor load. No side effects were detected in any of the
patients. In a following case report, DC vaccination was used in a
patient who received an allo-PB-HCT as a treatment for renal cell
carcinoma (48). However in this patient no antigen-specific recall
response (DTH) or any clinical response was reported. Like the
previous report, this patient also did not show any severe adverse
events.
Another case report describes vaccination with CD14-derived
DCs pulsed with WT1 peptide and KLH antigen for the treat-
ment of AML relapse after allo-HCT (78). Although no WT1
peptide-specific T cells could be detected, the KLH specific DTH
and ELISPOT further support the ability of DC vaccination to
induce an antigen-specific immune response in a patient after
allo-HCT. Host CD14-derived DCs, isolated prior to allo-HCT,
were used to present minor histocompatibility antigens (MiHA)
antigens in six multiple myeloma patients that had received auto-
HCT followed by allo-HCT and two rounds of DLI (4). This
study showed that DC vaccination using host-MoDCs was safe
(no GvHD) when applied at least 6 months after HCT induced
immunity (KLH). Unfortunately, no MiHA specific T cells were
detected after vaccination and also clinical responses were poor,
probably caused by the setup of the treatment protocol.
So, although only very limited studies have been reported using
DC vaccination after allo-HCT, the data so far are promising with
some clinical responses, detectable immune responses, and no
increase in the adverse events normally occurring after allo-HCT,
all ruling in favor of further exploration of DC vaccination in allo-
HCT. In additional, ongoing or recently finished, trials patients
are treated utilizing idiotype-pulsed allogeneic DCs post-allo-
HCT (NCT00186316 clinicaltrials.gov) or with donor-derived
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DCs pulsed with WT1 peptides in combination with DLI
(NCT00923910 clinicaltrials.gov).
COMBINATION THERAPIES
The limited clinical efficacy of DC vaccination may not only be due
to the vaccine or vaccination strategy since the final eradication
of the tumor depends on a variety of factors within the cancer-
immunity cycle (79). When antigen-specific CTLs are induced and
go to the tumor site there are mechanisms in place that prevent
the tumor cells from getting killed by CTLs, i.e., downregulation
of activation receptors, co-stimulatory molecules, or HLA class I
antigens recognized by CTLs; upregulation of co-inhibitory mol-
ecules like PD-L1 release of soluble factors that inhibit Th cells,
CTLs, and APCs; and altered FAS-L expression on the tumor cells
causing apoptosis resistance (80–83). Clinical trials with therapies
aimed at these immune blockades, such as cytotoxic t-lymphocyte-
associated antigen 4 (CTLA4) and programed cell death protein
1 (PD1), have shown some very promising results as reviewed
recently (84), making some of the therapies interesting candidates
to use in combination with DC vaccination. This is supported
by the observation in combination with a DC vaccine, a PD1
blocking antibody enhances ex vivo activated T-cell responses after
DC/tumor fusion stimulation (85).
Another post-HCT immune therapy that can be combined with
DC vaccination is the infusion of tumor antigen or MiHA spe-
cific CTLs that can provide additional effector cells to reduce the
tumor burden if disease has relapsed. In this way, it may also affect
the tumor microenvironment enabling better migration and CTL
function of the DC generated CTLs. The use of PBSC or BM as
HCT graft has the obvious advantage that DLI can be performed
as a prophylaxis or therapy combined with DC vaccination (4,
86, 87). Another possibility is the use TCR gene transfer for the
formation of a large population of tumor-antigen-specific T cells
that would reduce the risk of GvHD or other bystander immune
responses (88, 89). All these latter techniques remain to be tested
in combination with DC vaccination.
Very recently, epigenetic drugs were used in combination with
DC vaccination to enhance MHC upregulation, and therefore
tumor-antigen expression on the tumor cells. A very promising
clinical trial in a stage IV Neuroblastoma (NB) patient showed
complete remission with this combined therapy (90).
To take DC vaccination to the next level one should consider
making use of these additional therapies to hopefully enhance
clinical efficacy of DC vaccination in all immune therapeutic
settings.
SUMMARY
Although allogeneic-hematopoietic (stem) cell transplantation
(HCT) is the only potentially curative treatment option for several
hematological malignancies resistant to chemotherapy, relapses
remain a major problem. DC vaccination may be an attractive
additional immune therapeutic option for the induction of spe-
cific anti-malignancy immune responses in the context of an
allo-HCT setting. Factors like optimizing and predicting immune
recovery suggest that a more personalized conditioning regimen
especially considering the use of ATG is essential for optimal effect
of the vaccine. Depending on the HCT graft source different DC
sources can be considered, with currently no conclusive data on
which source to prefer. Preclinical development of the DC vac-
cine should further contain the optimization of antigen loading,
DC maturation as well as limitation of the expression of co-
inhibitory molecules. Finally, one should carefully consider the
injection site and dose and frequency of the DC vaccine. The few
DC vaccinations studies after allo-HCT have shown to be safe as
well as promising with regard to both clinical and immunolog-
ical responses. As such the field is open for further exploration
especially with the current advances in possible combination ther-
apies to further reduce the relapse rates and improve the survival
rates.
REFERENCES
1. Shaw PJ, Kan F, Woo Ahn K, Spellman SR, Aljurf M, Ayas M, et al. Outcomes
of pediatric bone marrow transplantation for leukemia and myelodysplasia
using matched sibling, mismatched related, or matched unrelated donors. Blood
(2010) 116:4007–15. doi:10.1182/blood-2010-01-261958
2. Eapen M, Rubinstein P, Zhang M-J, Stevens C, Kurtzberg J, Scaradavou A, et al.
Outcomes of transplantation of unrelated donor umbilical cord blood and bone
marrow in children with acute leukaemia: a comparison study. Lancet (2007)
369:1947–54. doi:10.1016/S0140-6736(07)60915-5
3. Leung W, Campana D, Yang J, Pei D, Coustan-Smith E, Gan K, et al. High suc-
cess rate of hematopoietic cell transplantation regardless of donor source in
children with very high-risk leukemia. Blood (2011) 118:223–30. doi:10.1182/
blood-2011-01-333070
4. Levenga H, Schaap N, Maas F, Esendam B, Fredrix H, Greupink-Draaisma
A, et al. Partial T cell-depleted allogeneic stem cell transplantation following
reduced-intensity conditioning creates a platform for immunotherapy with
donor lymphocyte infusion and recipient dendritic cell vaccination in multi-
ple myeloma. Biol Blood Marrow Transplant (2010) 16:320–32. doi:10.1016/j.
bbmt.2009.10.006
5. Kalos M, June CH. Adoptive T cell transfer for cancer immunotherapy in the era
of synthetic biology. Immunity (2013) 39:49–60. doi:10.1016/j.immuni.2013.
07.002
6. Ho VT, Vanneman M, Kim H, Sasada T, Kang YJ, Pasek M, et al. Biologic activ-
ity of irradiated, autologous, GM-CSF-secreting leukemia cell vaccines early
after allogeneic stem cell transplantation. Proc Natl Acad Sci U S A (2009)
106:15825–30. doi:10.1073/pnas.0908358106
7. Rousseau RF. Immunotherapy of high-risk acute leukemia with a recip-
ient (autologous) vaccine expressing transgenic human CD40L and IL-2
after chemotherapy and allogeneic stem cell transplantation. Blood (2006)
107:1332–41. doi:10.1182/blood-2005-03-1259
8. Hsu FJ, Benike C, Fagnoni F, Liles TM, Czerwinski D, Taidi B, et al. Vaccination
of patients with B-cell lymphoma using autologous antigen-pulsed dendritic
cells. Nat Med (1996) 2:52–8. doi:10.1038/nm0196-52
9. Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ, Penson DF, et al.
Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N Engl
J Med (2010) 363:411–22. doi:10.1056/NEJMoa1001294
10. Laporte JP, Gorin NC, Rubinstein P, Lesage S, Portnoi MF, Barbu V, et al.
Cord-blood transplantation from an unrelated donor in an adult with
chronic myelogenous leukemia. N Engl J Med (1996) 335:167–70. doi:10.1056/
NEJM199607183350304
11. Laughlin MJ, Rizzieri DA, Smith CA, Moore JO, Lilly S, McGaughey D, et al.
Hematologic engraftment and reconstitution of immune function post unre-
lated placental cord blood transplant in an adult with acute lymphocytic
leukemia. Leuk Res (1998) 22:215–9. doi:10.1016/S0145-2126(97)00171-9
12. Beelen DW, Ottinger HD, Elmaagacli A, Scheulen B, Basu O, Kremens B, et al.
Transplantation of filgrastim-mobilized peripheral blood stem cells from HLA-
identical sibling or alternative family donors in patients with hematologic malig-
nancies: a prospective comparison on clinical outcome, immune reconstitution,
and hematopoietic chimerism. Blood (1997) 90:4725–35.
13. Brunstein CG, Gutman JA, Weisdorf DJ, Woolfrey AE, DeFor TE, Gooley TA,
et al. Allogeneic hematopoietic cell transplantation for hematologic malignancy:
relative risks and benefits of double umbilical cord blood. Blood (2010)
116:4693–9. doi:10.1182/blood-2010-05-285304
Frontiers in Immunology | Antigen Presenting Cell Biology May 2014 | Volume 5 | Article 218 | 6
Plantinga et al. DC-vaccination in allo-HCT
14. Fricke S, Hilger N, Fricke C, Schönfelder U, Behre G, Ruschpler P, et al. Preven-
tion of graft-versus-host-disease with preserved graft-versus-leukemia-effect by
ex vivo and in vivo modulation of CD4(+) T-cells. Cell Mol Life Sci (2013)
71:1–14. doi:10.1007/s00018-013-1476-0
15. Rezvani K, Yong ASM, Savani BN, Mielke S, Keyvanfar K, Gostick E, et al. Graft-
versus-leukemia effects associated with detectable Wilms tumor-1-specific T
lymphocytes after allogeneic stem-cell transplantation for acute lymphoblastic
leukemia. Blood (2007) 110:1924–32. doi:10.1182/blood-2007-03-076844
16. Kapp M, Stevanovic S, Fick K, Tan SM, Loeffler J, Opitz A, et al. CD8+ T-
cell responses to tumor-associated antigens correlate with superior relapse-
free survival after allo-SCT. Bone Marrow Transplant (2009) 43:399–410.
doi:10.1038/bmt.2008.426
17. Weber G, Karbach J, Kuçi S, Kreyenberg H, Willasch A, Koscielniak E, et al. WT1
peptide-specific T cells generated from peripheral blood of healthy donors: pos-
sible implications for adoptive immunotherapy after allogeneic stem cell trans-
plantation. Leukemia (2009) 23:1634–42. doi:10.1038/leu.2009.70
18. Rubinstein P, Carrier C, Scaradavou A, Kurtzberg J, Adamson J, Migliac-
cio AR, et al. Outcomes among 562 recipients of placental-blood transplants
from unrelated donors. N Engl J Med (1998) 339:1565–77. doi:10.1056/
NEJM199811263392201
19. Rocha V, Wagner JE, Sobocinski KA, Klein JP, Zhang MJ, Horowitz MM,
et al. Graft-versus-host disease in children who have received a cord-blood or
bone marrow transplant from an HLA-identical sibling. Eurocord and Inter-
national Bone Marrow Transplant Registry Working Committee on Alter-
native Donor and Stem Cell Sources. N Engl J Med (2000) 342:1846–54.
doi:10.1056/NEJM200006223422501
20. Bracho F, van de Ven C, Areman E, Hughes RM, Davenport V, Bradley MB,
et al. A comparison of ex vivo expanded DCs derived from cord blood and
mobilized adult peripheral blood plastic-adherent mononuclear cells: decreased
alloreactivity of cord blood DCs1. Cytotherapy (2003) 5:349–61. doi:10.1080/
14653240310003017
21. Farnault L, Chambost H, Zandotti C, Mallet F, Barlogis V, Galambrun C, et al.
Early recovery of immunity after cord-blood transplantation in children: quali-
tative features and impact of cytomegalovirus infection. Acta Haematol (2012)
128:7–16. doi:10.1159/000337039
22. Clave E, Lisini D, Douay C, Giorgiani G, Busson M, Zecca M, et al. Thymic
function recovery after unrelated donor cord blood or T-cell depleted HLA-
haploidentical stem cell transplantation correlates with leukemia relapse. Front
Immunol (2013) 4:54. doi:10.3389/fimmu.2013.00054
23. Bartelink IH, Belitser SV, Knibbe CAJ, Danhof M, de Pagter AJ, Egberts TCG,
et al. Immune reconstitution kinetics as an early predictor for mortality using
various hematopoietic stem cell sources in children. Biol Blood Marrow Trans-
plant (2013) 19:305–13. doi:10.1016/j.bbmt.2012.10.010
24. Lindemans CA, Chiesa R, Amrolia PJ, Rao K, Nikolajeva O, de Wildt A, et al.
Impact of thymoglobulin prior to pediatric unrelated umbilical cord blood
transplantation on immune reconstitution and clinical outcome. Blood (2014)
123:126–32. doi:10.1182/blood-2013-05-502385
25. Shlomchik WD. Prevention of graft versus host disease by inactivation of
host antigen-presenting cells. Science (1999) 285:412–5. doi:10.1126/science.
285.5426.412
26. Matte CC, Liu J, Cormier J, Anderson BE, Athanasiadis I, Jain D, et al. Donor
APCs are required for maximal GVHD but not for GVL. Nat Med (2004)
10:987–92. doi:10.1038/nm1089
27. Mapara MY. Donor lymphocyte infusions mediate superior graft-versus-
leukemia effects in mixed compared to fully allogeneic chimeras: a critical role
for host antigen-presenting cells. Blood (2002) 100:1903–9. doi:10.1182/blood-
2002-01-0023
28. Toubai T, Sun Y, Luker G, Liu J, Luker KE, Tawara I, et al. Host-derived
CD8+ dendritic cells are required for induction of optimal graft-versus-tumor
responses after experimental allogeneic bone marrow transplantation. Blood
(2013) 121:4231–41. doi:10.1182/blood-2012-05-432872
29. Levenga H, Woestenenk R, Schattenberg AV, Maas F, Jansen JH, Raymakers
R, et al. Dynamics in chimerism of T cells and dendritic cells in relapsed
CML patients and the influence on the induction of alloreactivity follow-
ing donor lymphocyte infusion. Bone Marrow Transplant (2007) 40:585–92.
doi:10.1038/sj.bmt.1705777
30. Auffermann-Gretzinger S, Lossos IS, Vayntrub TA, Leong W, Grumet FC,
Blume KG, et al. Rapid establishment of dendritic cell chimerism in allogeneic
hematopoietic cell transplant recipients. Blood (2002) 99:1442–8. doi:10.1182/
blood.V99.4.1442
31. Collin MP, Hart DNJ, Jackson GH, Cook G, Cavet J, Mackinnon S, et al. The fate
of human Langerhans cells in hematopoietic stem cell transplantation. J Exp
Med (2006) 203:27–33. doi:10.1084/jem.20051787
32. Auffermann-Gretzinger S, Eger L, Bornhäuser M, Schäkel K, Oelschlaegel U,
Schaich M, et al. Fast appearance of donor dendritic cells in human skin: dynam-
ics of skin and blood dendritic cells after allogeneic hematopoietic cell transplan-
tation. Transplant J (2006) 81:866–73. doi:10.1097/01.tp.0000203318.16224.57
33. Andani R, Robertson I, MacDonald KPA, Durrant S, Hill GR, Khosrotehrani K.
Origin of Langerhans cells in normal skin and chronic GVHD after hematopoi-
etic stem-cell transplantation. Exp Dermatol (2013) 23:75–7. doi:10.1111/exd.
12301
34. Radford KJ, Tullett KM, Lahoud MH. Science direct dendritic cells and cancer
immunotherapy. Curr Opin Immunol (2014) 27:26–32. doi:10.1016/j.coi.2014.
01.005
35. Tel J, Aarntzen EHJG, Baba T, Schreibelt G, Schulte BM, Benitez-Ribas D,
et al. Natural human plasmacytoid dendritic cells induce antigen-specific T-cell
responses in melanoma patients. Cancer Res (2013) 73:1063–75. doi:10.1158/
0008-5472.CAN-12-2583
36. Sallusto F, Lanzavecchia A. Efficient presentation of soluble antigen by cul-
tured human dendritic cells is maintained by granulocyte/macrophage colony-
stimulating factor plus interleukin 4 and downregulated by tumor necrosis factor
alpha. J Exp Med (1994) 179:1109–18. doi:10.1084/jem.179.4.1109
37. Palucka K, Banchereau J. Cancer immunotherapy via dendritic cells. Nat Rev
Cancer (2012) 12:265–77. doi:10.1038/nrc3258
38. Kreutz M, Tacken PJ, Figdor CG. Targeting dendritic cells – why bother? Blood
(2013) 121:2836–44. doi:10.1182/blood-2012-09-452078
39. Caux C, Vanbervliet B, Massacrier C, Dezutter-Dambuyant C, de Saint-Vis B,
Jacquet C, et al. CD34+ hematopoietic progenitors from human cord blood
differentiate along two independent dendritic cell pathways in response to GM-
CSF+TNF alpha. J Exp Med (1996) 184:695–706. doi:10.1084/jem.184.2.695
40. Poulin LF, Salio M, Griessinger E, Anjos-Afonso F, Craciun L, Chen JL, et al.
Characterization of human DNGR-1+ BDCA3+ leukocytes as putative equiv-
alents of mouse CD8 + dendritic cells. J Exp Med (2010) 207:1261–71.
doi:10.1084/jem.20092618
41. Thordardottir S, Hangalapura BN, Hutten T, Cossu M, Spanholtz J, Schaap
N, et al. The Aryl hydrocarbon receptor antagonist StemRegenin 1 promotes
human plasmacytoid and myeloid dendritic cell development from CD34(+)
hematopoietic progenitor cells. Stem Cells Dev (2014) 23(9):955–67. doi:10.
1089/scd.2013.0521
42. Troeger A, Meisel R, Moritz T, Dilloo D. Immunotherapy in allogeneic
hematopoietic stem cell transplantation – not just a case for effector cells. Bone
Marrow Transplant (2005) 35(Suppl 1):S59–64. doi:10.1038/sj.bmt.1704849
43. Banchereau J, Paczesny S, Blanco P, Bennett L, Pascual V, Fay J, et al. Dendritic
cells: controllers of the immune system and a new promise for immunotherapy.
Ann N Y Acad Sci (2003) 987:180–7. doi:10.1111/j.1749-6632.2003.tb06047.x
44. Nierkens S, Janssen EM. Harnessing dendritic cells for tumor antigen presenta-
tion. Cancers (2011) 3:2195–213. doi:10.3390/cancers3022195
45. Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic cell death in cancer
therapy. Annu Rev Immunol (2013) 31:51–72. doi:10.1146/annurev-immunol-
032712-100008
46. Spel L, Boelens JJ, Nierkens S, Boes M. Antitumor immune responses mediated
by dendritic cells: how signals derived from dying cancer cells drive antigen
cross-presentation. Oncoimmunology (2013) 2:e26403. doi:10.4161/onci.26403
47. Fujii S, Shimizu K, Fujimoto K, Kiyokawa T, Tsukamoto A, Sanada I, et al.
Treatment of post-transplanted, relapsed patients with hematological malignan-
cies by infusion of HLA-matched, allogeneic-dendritic cells (DCs) pulsed with
irradiated tumor cells and primed T cells. Leuk Lymphoma (2001) 42:357–69.
doi:10.3109/10428190109064592
48. Tatsugami K, Eto M, Haarano M, Nagafuji K, Omoto K, Katano M, et al.
Dendritic-cell therapy after non-myeloablative stem-cell transplantation for
renal-cell carcinoma. Lancet Oncol (2004) 5:750–2. doi:10.1016/S1470-2045(04)
01652-3
49. Jonuleit H, Kühn U, Müller G, Steinbrink K, Paragnik L, Schmitt E, et al.
Pro-inflammatory cytokines and prostaglandins induce maturation of potent
immunostimulatory dendritic cells under fetal calf serum-free conditions. Eur
J Immunol (1997) 27:3135–42. doi:10.1002/eji.1830271209
www.frontiersin.org May 2014 | Volume 5 | Article 218 | 7
Plantinga et al. DC-vaccination in allo-HCT
50. Rieser C, Böck G, Klocker H, Bartsch G, Thurnher M. Prostaglandin E2 and
tumor necrosis factor alpha cooperate to activate human dendritic cells: syner-
gistic activation of interleukin 12 production. J Exp Med (1997) 186:1603–8.
51. Scandella E, Men Y, Gillessen S, Förster R, Groettrup M. Prostaglandin E2 is
a key factor for CCR7 surface expression and migration of monocyte-derived
dendritic cells. Blood (2002) 100:1354–61. doi:10.1182/blood-2001-11-0017
52. Braun D, Longman RS, Albert ML. A two-step induction of indoleamine 2,3
dioxygenase (IDO) activity during dendritic-cell maturation. Blood (2005)
106:2375–81. doi:10.1182/blood-2005-03-0979
53. Krause P, Singer E, Darley PI, Klebensberger J, Groettrup M, Legler DF.
Prostaglandin E2 is a key factor for monocyte-derived dendritic cell matura-
tion: enhanced T cell stimulatory capacity despite IDO. J Leukoc Biol (2007)
82:1106–14. doi:10.1189/jlb.0905519
54. Vanderlocht J, Van Elssen CHMJ, Senden-Gijsbers BLMG, Meek B, Cloosen S,
Libon C, et al. Increased tumor-specific CD8+ T cell induction by dendritic cells
matured with a clinical grade TLR-agonist in combination with IFN-gamma.
Int J Immunopathol Pharmacol (2010) 23:35–50.
55. Prins RM, Soto H, Konkankit V, Odesa SK, Eskin A,Yong WH, et al. Gene expres-
sion profile correlates with T-cell infiltration and relative survival in glioblas-
toma patients vaccinated with dendritic cell immunotherapy. Clin Cancer Res
(2011) 17:1603–15. doi:10.1158/1078-0432.CCR-10-2563
56. Dohnal AM, Witt V, Hügel H, Holter W, Gadner H, Felzmann T. Phase I study of
tumor Ag-loaded IL-12 secreting semi-mature DC for the treatment of pediatric
cancer. Cytotherapy (2007) 9:755–70. doi:10.1080/14653240701589221
57. Hemont C, Neel A, Heslan M, Braudeau C, Josien R. Human blood mDC sub-
sets exhibit distinct TLR repertoire and responsiveness. J Leukoc Biol (2013)
93:599–609. doi:10.1189/jlb.0912452
58. Wilgenhof S, Van Nuffel AMT, Corthals J, Heirman C, Tuyaerts S, Benteyn D,
et al. Therapeutic vaccination with an autologous mRNA electroporated den-
dritic cell vaccine in patients with advanced melanoma. J Immunother (2011)
34:448–56. doi:10.1097/CJI.0b013e31821dcb31
59. Koski GK, Koldovsky U, Xu S, Mick R, Sharma A, Fitzpatrick E, et al. A
novel dendritic cell-based immunization approach for the induction of durable
Th1-polarized anti-HER-2/neu responses in women with early breast cancer. J
Immunother (2012) 35:54–65. doi:10.1097/CJI.0b013e318235f512
60. Alfaro C, Perez-Gracia JL, Suarez N, Rodriguez J, Fernandez de Sanmamed M,
Sangro B, et al. Pilot clinical trial of type 1 dendritic cells loaded with autologous
tumor lysates combined with GM-CSF, pegylated IFN, and cyclophosphamide
for metastatic cancer patients. J Immunol (2011) 187:6130–42. doi:10.4049/
jimmunol.1102209
61. Akiyama Y, Oshita C, Kume A, Iizuka A, Miyata H, Komiyama M, et al. α-type-
1 polarized dendritic cell-based vaccination in recurrent high-grade glioma: a
phase I clinical trial. BMC Cancer (2012) 12:623. doi:10.1186/1471-2407-12-
623
62. Barth RJ, Fisher DA, Wallace PK, Channon JY, Noelle RJ, Gui J, et al. A random-
ized trial of ex vivo CD40L activation of a dendritic cell vaccine in colorectal
cancer patients: tumor-specific immune responses are associated with improved
survival. Clin Cancer Res (2010) 16:5548–56. doi:10.1158/1078-0432.CCR-10-
2138
63. Hobo W, Novobrantseva TI, Fredrix H, Wong J, Milstein S, Epstein-Barash H,
et al. Improving dendritic cell vaccine immunogenicity by silencing PD-1 lig-
ands using siRNA-lipid nanoparticles combined with antigen mRNA electropo-
ration. Cancer Immunol Immunother (2013) 62(2):285–97. doi:10.1007/s00262-
012-1334-1
64. Breton G, Yassine-Diab B, Cohn L, Boulassel M-R, Routy J-P, Sékaly R-P,
et al. siRNA knockdown of PD-L1 and PD-L2 in monocyte-derived den-
dritic cells only modestly improves proliferative responses to Gag by CD8(+)
T cells from HIV-1-infected individuals. J Clin Immunol (2009) 29:637–45.
doi:10.1007/s10875-009-9313-9
65. Chi K-H, Liu S-J, Li C-P, Kuo H-P, Wang Y-S, Chao Y, et al. Combination
of conformal radiotherapy and intratumoral injection of adoptive dendritic
cell immunotherapy in refractory hepatoma. J Immunother (2005) 28:129–35.
doi:10.1097/01.cji.0000154248.74383.5e
66. Bedrosian I, Mick R, Xu S, Nisenbaum H, Faries M, Zhang P, et al. Intran-
odal administration of peptide-pulsed mature dendritic cell vaccines results
in superior CD8+ T-cell function in melanoma patients. J Clin Oncol (2003)
21:3826–35. doi:10.1200/JCO.2003.04.042
67. Kyte JA, Mu L, Aamdal S, Kvalheim G, Dueland S, Hauser M, et al.
Phase I/II trial of melanoma therapy with dendritic cells transfected with
autologous tumor-mRNA. Cancer Gene Ther (2006) 13:905–18. doi:10.1038/
sj.cgt.7700961
68. Ricupito A, Grioni M, Calcinotto A, Hess Michelini R, Longhi R, Mondino A,
et al. Booster vaccinations against cancer are critical in prophylactic but detri-
mental in therapeutic settings. Cancer Res (2013) 73:3545–54. doi:10.1158/0008-
5472.CAN-12-2449
69. Banchereau J, Palucka AK, Dhodapkar M, Burkeholder S, Taquet N, Rolland
A, et al. Immune and clinical responses in patients with metastatic melanoma
to CD34(+) progenitor-derived dendritic cell vaccine. Cancer Res (2001)
61:6451–8.
70. Aarntzen EHJG, Figdor CG, Adema GJ, Punt CJA, Vries IJM. Dendritic cell
vaccination and immune monitoring. Cancer Immunol Immunother (2008)
57:1559–68. doi:10.1007/s00262-008-0553-y
71. Toebes M, Coccoris M, Bins A, Rodenko B, Gomez R, Nieuwkoop NJ, et al.
Design and use of conditional MHC class I ligands. Nat Med (2006) 12:246–51.
doi:10.1038/nm1360
72. Bakker AH, Hoppes R, Linnemann C, Toebes M, Rodenko B, Berkers CR, et al.
Conditional MHC class I ligands and peptide exchange technology for the
human MHC gene products HLA-A1, -A3, -A11, and -B7. Proc Natl Acad Sci U
S A (2008) 105:3825–30. doi:10.1073/pnas.0709717105
73. Voena C, Ladetto M, Astolfi M, Provan D, Gribben JG, Boccadoro M, et al.
A novel nested-PCR strategy for the detection of rearranged immunoglobulin
heavy-chain genes in B cell tumors. Leukemia (1997) 10:1793–8.
74. van Tendeloo VF, Van de Velde A, Van Driessche A, Cools N, Anguille S,
Ladell K, et al. Induction of complete and molecular remissions in acute
myeloid leukemia by Wilms’ tumor 1 antigen-targeted dendritic cell vac-
cination. Proc Natl Acad Sci U S A (2010) 107:13824–9. doi:10.1073/pnas.
1008051107
75. Schultz RKR, Baker KS, Boelens JJ, Bollard CM, Egeler RM, Cowan M, et al.
Challenges and opportunities for international cooperative studies in pediatric
hematopoeitic cell transplantation: priorities of the Westhafen Intercontinental
Group. Biol Blood Marrow Transplant (2013) 19:1279–87. doi:10.1016/j.bbmt.
2013.07.006
76. Grigoleit GU, Kapp M, Hebart H, Fick K, Beck R, Jahn G, et al. Dendritic cell vac-
cination in allogeneic stem cell recipients: induction of human cytomegalovirus
(HCMV)-specific cytotoxic T lymphocyte responses even in patients receiving a
transplant from an HCMV-seronegative donor. J Infect Dis (2007) 196:699–704.
doi:10.1086/520538
77. Feuchtinger T, Opherk K, Bicanic O, Schumm M, Grigoleit GU, Hamprecht K,
et al. Dendritic cell vaccination in an allogeneic stem cell recipient receiving a
transplant from a human cytomegalovirus (HCMV)-seronegative donor: induc-
tion of a HCMV-specific T helpercell response. Cytotherapy (2010) 12:945–50.
doi:10.3109/14653241003587645
78. Kitawaki T, Kadowaki N, Kondo T, Ishikawa T, Ichinohe T, Teramukai S,
et al. Potential of dendritic cell immunotherapy for relapse after allogeneic
hematopoietic stem cell transplantation, shown by WT1 peptide- and keyhole-
limpet-hemocyanin-pulsed, donor-derived dendritic cell vaccine for acute
myeloid leukemia. Am J Hematol (2008) 83:315–7. doi:10.1002/ajh.21127
79. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle.
Immunity (2013) 39:1–10. doi:10.1016/j.immuni.2013.07.012
80. Kolb H-J, Schmid C, Barrett AJ, Schendel DJ. Graft-versus-leukemia reactions
in allogeneic chimeras. Blood (2004) 103:767–76. doi:10.1182/blood-2003-02-
0342
81. Auletta JJ, Lazarus HM. Immune restoration following hematopoietic stem cell
transplantation: an evolving target. Bone Marrow Transplant (2005) 35:835–57.
doi:10.1038/sj.bmt.1704966
82. Alyea EP, DeAngelo DJ, Moldrem J, Pagel JM, Przepiorka D, Sadelin M, et al.
NCI First International Workshop on The Biology, Prevention and Treatment
of Relapse after Allogeneic Hematopoietic Cell Transplantation: report from the
committee on prevention of relapse following allogeneic cell transplantation for
hematologic malignancies. Biol Blood Marrow Transplant (2010) 16:1037–69.
doi:10.1016/j.bbmt.2010.05.005
83. Norde WJ, Hobo W, van der Voort R, Dolstra H. Coinhibitory molecules in
hematologic malignancies: targets for therapeutic intervention. Blood (2012)
120:728–36. doi:10.1182/blood-2012-02-412510
Frontiers in Immunology | Antigen Presenting Cell Biology May 2014 | Volume 5 | Article 218 | 8
Plantinga et al. DC-vaccination in allo-HCT
84. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy.
Nat Rev Cancer (2012) 12:252–64. doi:10.1038/nrc3239
85. Rosenblatt J, Glotzbecker B, Mills H, Vasir B, Tzachanis D, Levine JD, et al. PD-
1 blockade by CT-011, anti-PD-1 antibody, enhances ex vivo T-cell responses
to autologous dendritic cell/myeloma fusion vaccine. J Immunother (2011)
34:409–18. doi:10.1097/CJI.0b013e31821ca6ce
86. Bornhäuser M, Thiede C, Platzbecker U, Kiani A, Oelschlaegel U, Babatz J, et al.
Prophylactic transfer of BCR-ABL-, PR1-, and WT1-reactive donor T cells after
T cell-depleted allogeneic hematopoietic cell transplantation in patients with
chronic myeloid leukemia. Blood (2011) 117:7174–84. doi:10.1182/blood-2010-
09-308569
87. Krishnadas DK, Stamer MM, Dunham K, Bao L, Lucas KG. Wilms tumor 1-
specific cytotoxic T lymphocytes can be expanded from adult donors and cord
blood. Leuk Res (2011) 35:1520–6. doi:10.1016/j.leukres.2011.06.037
88. Provasi E, Genovese P, Lombardo A, Magnani Z, Liu P-Q, Reik A, et al. Editing
T cell specificity towards leukemia by zinc finger nucleases and lentiviral gene
transfer. Nat Med (2012) 18:807–15. doi:10.1038/nm.2700
89. Frumento G, Zheng Y,Aubert G, Raeiszadeh M, Lansdorp PM, Moss P, et al. Cord
blood T cells retain early differentiation phenotype suitable for immunother-
apy after TCR gene transfer to confer EBV specificity. Am J Transplant (2012)
13:45–55. doi:10.1111/j.1600-6143.2012.04286
90. Krishnadas DK, Shapiro T, Lucas K. Complete remission following
decitabine/dendritic cell vaccine for relapsed neuroblastoma. Pediatrics (2013)
131:e336–41. doi:10.1542/peds.2012-0376
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 31 January 2014; accepted: 30 April 2014; published online: 19 May 2014.
Citation: Plantinga M, de Haar C, Nierkens S and Boelens JJ (2014) Dendritic cell
therapy in an allogeneic-hematopoietic cell transplantation setting: an effective strategy
toward better disease control? Front. Immunol. 5:218. doi: 10.3389/fimmu.2014.00218
This article was submitted to Antigen Presenting Cell Biology, a section of the journal
Frontiers in Immunology.
Copyright © 2014 Plantinga, de Haar, Nierkens and Boelens. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
www.frontiersin.org May 2014 | Volume 5 | Article 218 | 9
